Abstract: Minimum quantity lubrication (MQL) machining involves the application of small quantity of lubricant to the tool-workpiece interface. This paper describes the results of an investigation on the effects of using different MQL lubricants (synthetic ester and palm oil) on the drilling of Ti-6Al-4V. Dry cutting was also performed for comparison purposes. It was found that drilling under dry conditions resulted in the shortest tool life due to severe chipping. MQL is beneficial to the measured responses such as tool life, thrust force, torque, and temperature. The outstanding performance of palm oil in reducing the value of those responses was attributed to its ability to form a thin film which promoted boundary lubrication during the machining process. The presented results indicated the substantial benefit of using palm oil in terms of microhardness, surface roughness, and subsurface deformation. This work shows that palm oil can be used as a viable alternative to a synthetic ester as a MQL lubricant.
INTRODUCTION
Cutting fluids, especially fluids containing oil, have become a huge problem due to the health and environmental hazards they pose. Driven by an increased awareness of environmental and health issues, industry has made efforts to eliminate or reduce their consumption of these fluids. This can be achieved by implementing near-dry machining or a minimal quantity of lubrication (MQL) approach. In dry machining, increased friction and adhesion occur at the tool-workpiece interface which results in a high tool wear rate [1] . In contrast, the MQL technique involves the application of a small quantity of lubricant that is dispensed to the tool-workpiece interface by a compressed air flow. It has been found that MQL reduces the friction coefficient and cutting temperature compared to dry and flood conditions.
Several experimental studies have investigated the potential of dry drilling [2, 3] and drilling under MQL [4, 5] . In summary it appears that dry drilling required the use of coated cutting tools in order to be successful and that MQL drilling demonstrated a promising performance in terms of tool life and quality of the drilled hole. The choice of an oil that is biodegradable as the lubricant is the recommended option in order to minimize environmental impact. Since mineral oil does not easily biodegrade, a synthetic ester is generally chosen for MQL applications although vegetable oil is another potential option. This oil has a high viscosity index, high lubricity, high flash point, low evaporation loss, high biodegradability, and low toxicity [6] . However, the use of vegetable oil as the lubricant in MQL drilling has not been rigorously explored. This paper addresses this deficiency in the literature in that it investigates the effect on cutting force, workpiece temperature, tool failure modes, and surface integrity created by using palm oil as the lubricant in MQL drilling of Ti-6Al-4V.
EXPERIMENTAL SETUP
The drilling experiments were carried out on a Mazak Nexus 410-A vertical machining centre using a Mitsubishi TAWNH1400T AlTiN-coated indexable carbide drill with a diameter of 14 mm. The drill has a point angle of 130 and helix angle of 30 .
Drilling tests to determine tool life
The drilling tests were carried out on a rectangular plate of Ti-6Al-4V (200 x 200 x 20 mm). Blind holes were drilled to a depth of 10 mm at a constant cutting speed of 60 m/min and feed rate of 0.1 mm/rev. Both MQL and dry cutting (only compressed air was blown over the sample) conditions were used to evaluate the tool life performance. Table 2 . In this experiment, the cutting speed and feed rate were fixed at 60 m/min and 0.1 mm/rev, respectively.
Drilling tests to evaluate the performance when using MQLSE or MQLPO
An additional test was performed to evaluate the performance when using MQLSE or MQLPO. Cutting speeds of 60, 80, and 100 m/min were used together with feed rates of 0.1 and 0.2 mm/rev. In these tests, the thrust force, torque, workpiece temperature, and surface integrity were measured and compared. The experimental setup was similar to the one discussed in section 2.2. The surface roughness of the drilled hole was measured using a Mitutoyo Surftest 301 tester. The cut-off and evaluation lengths were set at 0.8 and 4 mm, respectively. To examine the machined subsurface deformation, small specimens (10 x 10 x 10 mm) were cut from the workpiece using a precision cutter and cleaned by using methyl alcohol. The specimens were then mounted, ground, polished, and etched in Kroll's reagent. The specimens were then examined using a confocal laser microscope over a wide range of magnifications. The Vickers hardness was measured perpendicular to the feed direction using an Akashi HM-114 microhardness tester and a diamond indenter.
RESULTS AND DISCUSSION

Tool life and failure modes
The effect of various coolant strategies on the tool life is shown in Fig. 2 . The results obtained under the dry cutting condition show that the flank wear increased rapidly. This is a result of an increase in the cutting temperature and stress condition at the tool-chip interface which accelerates tool wear. Under this condition, the tool begins to suffer from excessive levels of chipping within 48 s of drilling. The longest tool life is obtained under the MQLSE and MQLPO conditions. This is probably due to the effective cooling and lubricating actions created by delivering the mist to the tool-workpiece interfaces. This is reflected in the low tool wear rates obtained under MQLSE and MQLPO conditions. In addition, a comparable performance can be observed between MQLPO and MQLSE conditions for both flank and corner wear. It is suggested that vegetable-based oils such as palm oil provide effective boundary lubrication due to their high polarity which allows strong interactions to be created with the lubricated surface. Figure 3 shows the typical tool failure modes of the cutting tool under both lubricated and dry cutting conditions. Excessive chipping and uniform flank wear appear to dominate under the dry cutting condition. However, only uniform flank wear can be seen for the MQLSE and MQLPO conditions. Adhered workpiece material on the cutting tool can be observed for all tested conditions. This phenomenon is intuitively expected to occur due to the tendency of titanium alloys to weld onto the cutting tool during drilling processes. Furthermore, it can be seen that the amount of the workpiece material that adheres onto the cutting tool is higher under the dry cutting condition than under the MQLSE and MQLPO conditions. Therefore, under the dry cutting condition, the cutting tool is more susceptible to greater fracture (i.e. chipping) than under the MQLSE and MQLPO conditions. Figure 4 shows the results on thrust force obtained in the drilling of Ti-6Al-4V at a cutting speed of 60 m/ min and feed rate of 0.1 mm/rev under both lubricated and dry cutting conditions. The MQLPO condition yields the lowest thrust force of 2397 N, with the MQLSE condition yielding a thrust force of 3170 N. Furthermore, the dry cutting condition records the highest thrust force level of 3388 N. Thus, it can be concluded that the application of MQLSE and MQLPO in the drilling process is an effective way to reduce the thrust force. Figure 5 shows the effect of both lubricated and dry cutting conditions on the torque component at a cutting speed of 60 m/min and a feed rate of 0.1 mm/rev. The highest torque value is recorded under the dry cutting condition. The torque value for MQLSE is slightly lower than that for dry cutting with MQLPO producing the lowest value.
Thrust force and torque
Indeed the results presented here show that MQLPO is more effective for lubrication than MQLSE. As stated by [7] , palm oil creates lubricant films that strongly interact with the contact surfaces and reduce wear and friction levels. A further experiment was carried out to investigate the effect of various cutting speeds and feed rates on MQL conditions. The thrust force and torque obtained for MQLSE and MQLPO when drilling Ti6Al-4V are presented in Figs 6 and 7 , respectively. From these figures it can be seen that the thrust force and torque decrease with an increase in the cutting speed. In contrast, their values increase when the feed rate increases. The torque value for MQLSE associated with a cutting speed of 100 m/min significantly reduces to 9.6 and 13.7 Nm at feed rates of 0.1 and 0.2 mm/rev, respectively. MQLPO induces the lowest torque at the cutting speed of 100 m/min and feed rate of 0.1 mm/rev. Generally, MQLSE produces a higher thrust force and torque than MQLPO. These results suggest that the palm oil (MQLPO) has a better lubricating effect under all tested conditions. More than 50 per cent of palm oil is constituted by palmatic acid and triglyceride structures that provide desirable lubrication properties that promote the effective boundary lubrication [7] . It has been shown that the thrust force and torque are smaller under the MQLPO condition, which is a result of the reduction of the coefficient of friction created by the fatty acids in the palm oil. Figure 8 shows the influence of both lubricated and dry cutting conditions on the maximum workpiece temperature. From this figure it can be seen that the dry cutting condition results in the highest workpiece temperature at both TC1 and TC2 with the MQLSE and MQLPO conditions yielding slightly lower temperatures. The MQL conditions create sufficient cooling to create machining conditions that prolong tool life. The higher temperature created in the dry cutting condition is expected to cause severe wear on the cutting edges and hole enlargement due to the Figure 9 shows the values of maximum workpiece temperature obtained at TC2. From this figure it can be seen that the temperature increases with the cutting speed, feed rate, and type of lubrication. The increase in the maximum workpiece temperature is larger for the 0.2 mm/rev feed rate than for the 0.1 mm/rev feed rate. An increase in the cutting speed is always accompanied by a reduction in the chip thickness. This corresponds to a high cutting energy and deformation strain rate. In addition, machining at high feed rate levels increases the friction and produces more stress thus increasing the workpiece temperature. The temperature generated by MQLPO is lower than that by MQLSE. The high viscosity and viscosity index of palm oil promotes a stable and high boundary lubrication effect which reduces the temperature of the workpiece [7] . Figure 10 shows the surface roughness values measured in the feed direction while drilling Ti-6Al-4V using MQLSE and MQLPO. From this figure it can be seen that the surface roughness values decrease with an increase in the cutting speed. However, higher feed rate levels lead to an increase in the surface roughness level. During the machining at high cutting speeds, the cutting temperature increases resulting in a small contact length between the tool and workpiece. This could be due to a decrease in the value of the coefficient of friction, which results in low levels of friction at the tool-workpiece interface [8] .
Workpiece temperature
Surface roughness
High values of the surface roughness are recorded at high feed rates due to the fact that feed marks are produced and also the creation of chattering that is a consequence of the high dynamic loads. At the same time, the deformation process requires more power to remove the material thus increasing the forces which, in turn, increases the vibration during machining. The surface roughness value recorded for the MQLPO seems to be lower than that for the MQLSE. It is suggested that less heat is generated under the MQLPO condition thus there is enough time available to cool and lubricate the tool-workpiece interface. Apparently, such reductions may result in better lubrication and a shorter tool-chip contact length during drilling. A high lubrication efficiency cutting fluid can reduce friction at the tool-chip interface, consequently decreasing cutting temperature and force [9] .
Microhardness
Figures 11 and 12 show the distribution of microhardness beneath the machined surface under the MQLSE and MQLPO condition, respectively. It can be seen that the microhardness at 0.025 mm beneath the machined surface is lower than the average base material hardness. This indicates that the machined surface experienced a thermal softening effect or Fig. 9 Comparison of maximum workpiece temperature obtained using MQLSE and MQLPO over-ageing due to localized heating during the drilling process. A steep increase in the microhardness values can be seen in the depth range between 0.025 and 0.2 mm for both MQLSE and MQLPO conditions. These values are greater than the average bulk material hardness. This reveals that the machined surface layer is subjected to the maximum work hardening effect. Increments in both the cutting speed and feed rate lead to an increase in the strain hardening index causing hardening of the machined surface region. The maximum values of microhardness recorded by the MQLPO are lower than those recorded for the MQLSE condition. This may be a result of the machined surface produced by the MQLPO being slightly disturbed which lead to the low microhardness value. The high viscosity level of the palm oil allows it to lubricate more efficiently thus reducing the coefficient of friction which, in turn, leads to the lower value for the microhardness.
Subsurface deformation
In general, the subsurface microstructures are deformed towards to the spindle rotational direction.
Figures 13 and 14 show images of the subsurface deformation produced when drilling Ti-6Al-4V. It can be seen from these figures that machining at higher cutting speeds and feed rates produces a deeper and heavily plastically deformed layer and structure. At this condition, the temperature at the tool-chip interface increases and thus a sticking friction region occurred. Therefore, the combination of a high cutting temperature and sticking friction create severe subsurface plastic deformation. The application of MQLPO reduces the extent of the subsurface deformation layer. This can be attributed to the fact that the cutting forces and temperature during the drilling of Ti-6Al-4V decrease and this, in turn, decreases the rate of thermal softening of the workpiece. 
CONCLUSIONS
The following conclusions can be drawn from the experimental results obtained on the use of MQL during high-speed drilling of Ti-6Al-4V. MQLSE and MQLPO created a 306 per cent increase in tool life as compared to the value obtained for dry cutting. It was found that using MQL improved the thrust force and torque and reduced the power consumption. MQLPO has a superior lubricating effect and thus reduces the high friction during the machining process. In addition, the high viscosity of the palm oil created promising improvements in surface integrity.
